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Summary
Background: The Leloir-pathway genes encode the
enzymatic machinery involved in the metabolism of
galactose.
Results: In the distantly related fungi Saccharomyces
cerevisiae and Candida albicans, the genes encoding
these enzymes are syntenically arranged, but the
upstream regulatory regions are highly divergent. In
S. cerevisiae, the Leloir-pathway genes are positively
regulated by Gal4p acting through the UASG sequence
CGG(N11)CCG. However, in C. albicans, the Gal4p and
UASG combination is found to regulate genes unrelated
to galactose metabolism. We identified a palindromic
sequence that acts to control GAL10 expression in
C. albicans in the presence of galactose. This palin-
drome is found upstream of other Leloir-pathway genes
in C. albicans, and in the absence of other regulatory
sequences, activation of expression through this se-
quence in the presence of galactose requires Cph1p,
the homolog of the Ste12p transcription factor of
S. cerevisiae.
Conclusions: Although the cellular process of galac-
tose induction of the Leloir pathway is conserved
between the two organisms, the regulatory circuits
achieving the cellular process are completely distinct.
Introduction
The diploid fungal pathogen, Candida albicans, which
causes the majority of human fungal infections, diverged
from the bakers or brewers yeast S. cerevisiae approxi-
mately 250 million years ago [1]. Because many of the
fundamental biological processes of C. albicans are
similar to those of S. cerevisiae, budding yeast is an
important guide for studying the pathogen. However,
unlike S. cerevisiae, C. albicans can form true hyphae,
can escape mammalian immune cells, and can prolifer-
ate in mammalian hosts and thus has the tools to be
a pathogen. Despite a strong conservation of gene con-
tent, yeast species exhibit major phenotypic differences
*Correspondence: malcolm.whiteway@cnrc-nrc.gc.cabecause of the different environmental selections
imposed on them; these pressures may in turn drive
changes in gene regulation. For example, the regulation
of the ribosomal-protein genes in C. albicans is different
from that in S. cerevisiae [2].
We are interested in whether transcriptional rewiring
occurs for conserved processes such as sugar and
amino acid metabolism. Galactose is utilized by almost
all organisms through its conversion to glucose-6-
phosphate in a reaction catalyzed by the enzymes of
the Leloir pathway [3]. This genetic regulatory circuit
acting on the S. cerevisiae GAL genes is among the
most highly studied and best understood of eukaryotic
metabolic-control pathways. As such, it has acted as
a paradigm for general principles of metabolic control
[4, 5] and has served as well as a template for the appli-
cation of a systems-biology approach to metabolic cir-
cuitry [6]. In S. cerevisiae, these enzymes are encoded
by GAL1 (galactokinase), GAL7 (galactose-1-phosphate
uridyl transferase), GAL10 (UDP-glucose-4-epimerase),
and GAL5 (phosphoglucomutase) [7, 8]. Galactose
enters S. cerevisiae cells through a specific permease,
encoded by GAL2 [9]. Because eukaryotic genes are
not organized in operons, it is intriguing that the GAL1,
GAL7, and GAL10 genes are clustered near the centro-
mere of chromosome 2 [10].
The expression of these GAL genes is controlled by
a network that involves activating and repressing activ-
ities and that is encoded by the specific regulatory
genes GAL3, GAL4, and GAL80. In S. cerevisiae, GAL4
serves as the transcriptional activator of galactose
catabolism [5, 11], whereas Gal80p is involved in the
repression of GAL genes by binding the transcriptional
activation domain of Gal4p [12]. Gal3p functions by
forming a complex with Gal80p to relieve inhibition of
Gal4p; in the presence of galactose and ATP, Gal3p
sequesters Gal80p in the cytoplasm, preventing inhibi-
tion of Gal4p and thus activating GAL gene expression
[13, 14]. ScGal4p contains a DNA-binding domain that
interacts with a specific upstream activating sequence
(UASG; CGG(N11)CCG), located in the promoter regions
of GAL1, GAL2, GAL3, GAL7, GAL10, and GAL80 [15];
the GAL5 gene is unregulated, being expressed under
all conditions, and lacks the UASG [16].
In this investigation, we studied the regulation of
galactose metabolism in the pathogenic fungus
Candida albicans. This work helps define theC. albicans
network that regulates GAL genes and shows that
C. albicans and S. cerevisiae control the same process
through different regulatory circuits.
Results
Elements of the C. albicans GAL Regulon
The sequencing of the C. albicans genome [17] provides
a framework for the postgenomic studies of this impor-
tant fungal pathogen. We have recently completed the
assembly of the Candida albicans genome [18] and
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Intriguingly, although overall the synteny between
C. albicans and S. cerevisiae is very low, the genomic
organization of the region involving the galactose
metabolism cluster in S. cerevisiae is remarkably similar
to that found in C. albicans. The galactokinase,
galactose-1-phosphate uridyl transferase, and UDP-
glucose-4-epimerase genes show conservation of se-
quence (63%, 79%, and 71% similarity, respectively),
and these genes are clustered together on chromosome
1 of C. albicans in the same relative arrangement as was
found in S. cerevisiae. In the fungal pathogen, this
cluster also includes hexose transporter (orf19.3668)
with 48% similarity to ScGAL2. The analysis of GAL
region across Ascomycota shows that GAL genes are
arranged in a cluster that includes two currently unchar-
acterized open reading frames, between GAL10 and
GAL7, that are conserved in C. albicans, C. dubliniensis,
C. parapsilosis, and Debaryomyces hansenii. Schizo-
saccharomyces pombe contains only one of these
open reading frames (Figure 1A).
Although the galactose-metabolism structural genes
are well conserved betweenS.cerevisiaeandC.albicans,
the regulatory components show less similarity. We were
not able to detect even weak candidates for Gal3p in the
C. albicans genome. A candidate for Gal80p, encoded by
ORF19.6899, shares only 40% sequence similarity with
ScGal80p. ORF19.5338, annotated as CaGal4p, shares
strong sequence similarity (86%) with its S. cerevisiae
homolog only in the DNA-binding domain (Figure 1B),
with the six cysteine residues, the linker region, and the
dimerization region all well conserved. This C. albicans
gene encodes a much smaller protein of 261 amino acids
compared to its S. cerevisiae homolog of 881 amino
acids. The activation domains of those two proteins share
no similarity, and the negatively charged region that
serves as the ScGal80p interaction domain is missing in
CaGal4p [20].
Galactose Regulates Expression of GAL1,
GAL7, and GAL10
To investigate whether galactose regulates expression
of the GAL1, GAL7, and GAL10 genes in C. albicans,
we performed a transcriptional-microarray analysis of
cells grown on galactose as the sole carbon source, as
compared to cells grown on glucose. Just as in
S. cerevisiae, galactose strongly induced the tran-
scription of genes for the Leloir-pathway enzymes; the
GAL1, GAL7, GAL10, and the hexose transporter
ORF19.3668 genes were among the most highly
expressed of all the induced genes. In addition, the
expression of 78 genes involved in gluconeogenesis,
glycogen degradation, formation of the cell wall, trans-
port, fatty-acid metabolism, and a variety of unknown
functions was greater in galactose-grown cells com-
pared to glucose-grown cells (Figure S1A and Table S1
in the Supplemental Data available online), whereas
the expression of a further 54 C. albicans genes, includ-
ing genes for cell-wall components, transporters, tran-
scription factors, ribosome-synthesis elements, as well
as for unknown functions, was greater in glucose than
in galactose (Figure S1B and Table S2). Surprisingly, pu-
tative glucose transporters are equally expressed in
both glucose- and galactose-grown cells with theexception of HGT1, HGT12, and HGT17. The expression
of high-affinity glucose transporters HGT12 and HGT17
was previously shown to be repressed by 2% glucose,
possibly by the action of the Mig1repressor [21–23].
Our microarray results show that the expression of
GAL10 is 5.5 times greater in YPGal than in YPD. In order
to confirm the set of genes whose expression was
elevated in YPGal compared to YPD, we cloned the
promoter of GAL10 upstream of lacZ. We studied the
expression of GAL10-driven lacZ expression levels in
cells grown on either SC dextrose or SC galactose. We
show that the difference in the expression of GAL10-
driven lacZ is 5.1 times greater in SC galactose than in
SC dextrose; this finding compares very well to our
microarray results. In order to confirm the microarray
results, we cloned the promoter of GDH3 gene, whose
expression levels were higher in YPD compared to
YPGal, upstream of a lacZ reporter and transformed it
into the wild-type C. albicans strain. The microarray
data showed that the levels of GDH3 transcription
were 2.4 times higher in YPD than in YPGal. The expres-
sion of GDH3-driven lacZ expression was 3.3 times
greater in SC dextrose compared to SC-galactose-
grown cells, and such a finding relates well to the micro-
array data.
The C. albicans GAL10 Promoter Has a Conserved
and Functionally Important Element
In order to study the regulation of the galactose-
metabolizing genes, we used the promoter of GAL10
cloned upstream of the lacZ reporter [24] and trans-
formed this reporter construct into a wild-type strain.
Cells were grown in liquid medium with raffinose as
the carbon source and shifted to medium containing
either dextrose or galactose. After 90 min growth, the
galactose-treated cells expressed 5-fold greater b-
galactosidase activity than the dextrose-treated cells.
The raffinose-grown cells showed intermediate levels
of lacZ expression (Table 1); therefore, as in S. cerevi-
siae, GAL10 is apparently regulated by both activation
and repression mechanisms. Because the presence of
galactose coordinately upregulates the expression of
the GAL genes, we searched for an upstream activating
sequence (UASG). We compared the DNA sequences of
the GAL1, GAL7, and GAL10 promoters and found
a common palindromic stretch 50-TGTAACGTTACA-30
that occurs only four times in the intergenic regions of
the C. albicans genome, with all occurrences in the
promoters of the GAL1, GAL7, and GAL10 genes,
approximately 200 base pairs upstream of the protein
start sites. As well, the promoter of the hexose trans-
porter gene, ORF19.3668, has the sequence GTTACGT
TAC, which is a GTTAC repeat rather than GTTAC palin-
drome. The palindromic sequence is also conserved in
the promoters of the Leloir-pathway genes of C. dublin-
iensis, C. parapsilopsis, and D. hansenii.
To test the importance of this GAL-palindrome se-
quence in the regulation of GAL10 expression in the
presence of galactose, we deleted it from the GAL10
promoter. When cells were grown overnight in either
galactose or dextrose medium, the GAL palindrome
appears critical for the galactose-mediated induction
of GAL10 expression. The palindrome-less full-length
GAL10 promoter showed a slight 1.3-fold reduction of
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(A) The structural members of theGAL regulon are conserved inAscomycota and are also organized in a cluster. Species in which whole-genome
duplication occurred are identified by the star and by the color. The regions ofD. hansenii,C. parapsylopsis,C. dubliniensis, and C. albicans also
contain two uncharacterized open reading frames X and Y, marked in black and white color; S. pombe contains only one of these elements. The
primary sequences of the GAL promoters were analyzed for the presence of Gal4-, Cph1-, and Mig1-binding sites by the motif-finding program
MEME (http://weblogo.berkley.edu/). The phylogenetic relationships among the fungi are shown as defined in [45].
(B) ScGal4p acts as the activator of the S. cerevisiae GAL regulon. The putative CaGal4p protein, encoded by C. albicans ORF19.5338, shares
strong sequence similarity (86%) with S. cerevisiae Gal4p only within the DNA-binding domain; the DNA-binding domain has the six cysteine
residues, the linker region, and the dimerization region all well conserved.expression in the presence of dextrose and a strong
5-fold drop of expression in the presence of galactose,
compared to the intact GAL10 promoter (Table 1). A
truncated version of the promoter was also assayed. In
these constructs, the lacZ reporter was linked to a mini-
mal promoter containing or lacking the palindromic
sequence. After overnight growth, the palindrome
directed 10-fold greater expression in the presence of
galactose compared to dextrose, and this result sug-
gests that the GAL palindrome acts as a galactose-
dextrose-dependent regulator of the GAL10 promoter
under these growth conditions (Figure 2).
Definition of the C. albicans Gal4p Regulon
In S. cerevisiae, Gal4p activates the expression of GAL
genes to metabolize the galactose present in the
environment, and the deletion of ScGal4 leads to the
inability of cells to grow on galactose [5]. To investigate
which C. albicans genes are regulated by the Gal4p
homolog, we created a C. albicans gal4 knockout strain.
The C. albicans gal4 strain grew identically to the wild-
type strain when utilizing galactose, dextrose, ethanol,
or glycerol as a sole carbon source (data not shown).
By using microarrays, we then compared the transcrip-
tional behavior of the wild-type and gal4 strains when
both were grown on galactose-containing media
(YPGal). The expression of GAL genes remained
unchanged (Tables S3 and S4). In addition, deletion ofthe GAL4 gene had no effect on the regulation of
GAL10-driven lacZ expression, suggesting that CaGal4p
does not transactivate the expression of GAL10.
Further transcriptional analysis of the C. albicans gal4
strain compared to the control grown on galactose
showed that loss of gal4 reduces the expression of 87
genes and increases the expression of 37 genes. The
Gal4p-influenced gene set represents 2% of the genome
and includes genes whose products are involved in a
diverse range of cellular processes. The 87 genes that
are reduced in the absence of Gal4p encode trans-
porters, cell-wall proteins, nucleic-acid-binding pro-
teins, and hypothetical proteins (Figure S2A and Table
S3). Interestingly, one third of these downregulated
genes are members of a newly discovered subtelomeric
gene family TLO (for TeLOmere associated) [18], and 14
Table 1. b-galactosidase Activities in Miller units of C. albicans
Promoters in C. albicans Strains
Construct Dextrose Raffinose Galactose
pGAL10-lacZa 98 6 7 196 6 15 501 6 30
pGAL10-lacZD176-188b 75 6 5 82 6 5 96 6 6
a pGAL10-lacZ contains full-length GAL10 promoter.
b pGAL10-lacZD176-188 contains full-length GAL10 promoter, in
which theGAL-specific palindrome located 188 base pairs upstream
of the start site was deleted.
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PGI12, LSC2, and LAT1). The expression of a further
37 genes, which encode transporters, cell-wall proteins,
nucleic-acid-binding proteins, iron and copper uptake
regulators, and hypothetical proteins, is elevated in the
absence of CaGal4p (Figure S2B and Table S4).
The strongest Gal4p-transactivated genes are mem-
bers of the C. albicans-specific subelomeric TLO gene
family of unknown function, previously known as
CTA2. Almost all of the TLO genes share an identical
promoter region, which contains the sequence
CGG(N11)CCG that represents the binding site for
ScGal4p. When cloned upstream of lacZ, a 126-base-
pairs-long TLO promoter that includes the Gal4-binding
site was 5.5 times less active in a gal4 mutant strain,
confirming that CaGal4p is required for proper expres-
sion of this gene through the UASG site (Figure 3B).
The absence of the Gal4-binding site alone leads to
a 3-fold drop in reporter expression; the combined
absence of both Gal4p and its binding site leads to
a 5-fold drop of TLO-driven reporter expression. This
suggests that Gal4p transactivates the expression of
Figure 2. Cph1p Regulates the Expression of GAL10
The promoter ofGAL10, a member of theC. albicans Leloir pathway,
was fused to a downstream lacZ reporter. The promoter either con-
tained or lacked a potential GAL-specific palindrome (TGTAACGT
TACA). The resulting b-galactosidase activities were analyzed in
wild-type and cph1 strains grown either in galactose or dextrose.
The values of the liquid b-galactosidase assays are expressed in
Miller units.TLO through a classical UASG. Because the absence
of the Gal4p-binding site in the wild-type allows greater
b-galactosidase activity than does the absence of
Gal4p, it is possible that there is additional Gal4p-
dependent regulation of TLO expression.
The promoters of a number of the C. albicans Gal4p-
upregulated glycolysis genes (e.g., LAT1 and LSC2)
contain a potential regulatory site CGG(N11)CCA that is
conserved in the promoters of the same genes in C.
dubliniensis and C. tropicalis and that closely resembles
a UASG site (Figure 3A). The removal of this site from the
270-base-pair-long LAT1 promoter, the loss of Gal4p, or
the combined loss of both Gal4p and the regulatory site
all lower expression by about 2.5 fold, suggesting Gal4p
works through this site to regulate LAT1 expression (Fig-
ure 3). This implies that the proper expression of TCA
cycle genes is dependent on both the presence of
a functional Gal4p and the Gal4p-binding sites within
their promoters.
To test whether Gal4p is responsible for the differen-
tial expression of the genes whose transcription
changes in response to a carbon source of either
dextrose or galactose (Figure S1, see also Tables S1
and S2), we used microarrays to compare the transcrip-
tional behavior of the gal4 strain to that of its wild-type
equivalent grown on dextrose-containing media (YPD).
We observed that Gal4p is needed for the expression
of the same genes in the presence of either dextrose
or galactose.
The Regulators of the Expression of GAL10
Extended incubation of C. albicans with macrophage
cells leads to a differential expression of GAL genes
through a process that may involve the MAP kinase
pathway acting through Cph1p [25]. The half-palindrome
sequence TGTAAC is similar to the Ste12p/Cph1p-
binding site TGAAAC, so we analyzed the expression
of the GAL10 promoter in a cph1 knockout strain [26].
In order to exclude the influence of the upstream
GAL10-promoter regulatory sequence on the actions of
the palindrome, we examined the expression patterns
of the 188-base-pair-long GAL10 promoter containing
the palindrome. When cloned upstream of lacZ,Figure 3. Gal4 Regulates Expression through Gal4-DNA-Binding Site
(A) The promoters ofC. albicans,C. dubliniensis, andC. tropicalis glycolysis genes (e.g., LAT1 and LSC2) contain conserved Gal4p-binding sites.
Deduced nucleotide sequences were aligned with the CLUSTALW program; identical nucleotides are boxed in black. Numbers at the ends of the
sequences represent the distances from the ATG start site.
(B) The promoter of TLO, a member of the C. albicans telomeric-gene family, and the promoter of LAT1, a member of the TCA cycle, were
fused to drive the expression of the downstream lacZ reporter.The promoters either contained or lacked a potential Gal4p-binding site
(BS) ‘‘CGG(N11)CCG/A,’’ and their resulting b-galactosidase activities were analyzed in wild-type and gal4 strains. The values of the liquid
b-galactosidase assays are expressed in Miller units.
Transcriptional Rewiring of Galactose Metabolism
1011aGAL10 promoter that includes the palindrome was five
times less active in a cph1mutant strain grown on galac-
tose, confirming that Cph1p is required for proper ex-
pression of this gene through the palindrome (Figure 2).
The absence of the palindrome alone leads to 3.3-fold
drop in the reporter expression; the combined absence
of both Cph1p and palindrome leads to a 5-fold
drop of GAL10-driven reporter expression, suggesting
that Cph1p transactivates the expression of GAL10 by
interacting with the palindrome. Because the absence
of the palindrome in the wild-type strain permits greater
b-galactosidase activity than does the absence of
Cph1p, it is possible that there is additional Cph1p-
dependent regulation ofGAL10 expression. The removal
of the Cph1p had a very mild effect onGAL10 expression
in the absence of the palindrome. These results suggest
that in the presence of galactose, Cph1p acts as an
activator of the GAL10 expression through the palin-
drome sequence.
Discussion
In this study, we show the same biochemical process,
the induction of the Leloir-pathway genes by galactose,
is regulated by different transcriptional circuits in
S. cerevisiae and C. albicans. This transcriptional rewir-
ing has resulted in the C. albicans protein that is the
closest homolog of the S. cerevisiae transcriptional
regulator Gal4p not controlling the expression of GAL
genes in the pathogen. Because the presumptive
C. albicans GAL4 has a different function from its S. cer-
evisiae homolog, we suggest the name CGF1, for Can-
dida Gal Four homolog, for this transcription regulator,
to reduce the confusion of the functional implications
of the name GAL4.
Our observations show that the mechanism of regula-
tion of transcription of GAL genes is fundamentally dif-
ferent in S. cerevisiae and C. albicans. In S. cerevisiae,
the promoters of GAL genes contain a UASG, which
functions as a galactose-inducible enhancer. We ob-
served that the regulation of the GAL10 promoter in
C. albicans is controlled by at least two regulatory sites:
an enhancer and a galactose-dextrose-responsive ele-
ment. Our study shows that the latter is regulated by
Cph1p, a homolog of Ste12p of S. cerevisiae. The differ-
ence in the regulation of the Leloir-pathway genes may
be due to the fact that galactose plays important roles
in C. albicans adhesion and biofilm formation, pro-
cesses that contribute to the virulence of this pathogen
and which are absent in S. cerevisiae [27].
To investigate when the changes of the cis-regulatory
element in the GAL promoters occurred during the evo-
lution of the yeast species, we used available genomic
data of theAscomycota that haveGAL genes conserved
in a cluster in their genome: Schizosaccharomyces
pombe, S. cerevisiae, S. paradoxus, S. mikatae, S.
bayanus, S. castellii, Kluyveromyces lactis, Debaryomy-
ces hansenii, C. parapsilosis, C. dubliniensis, and C.
albicans (Figure 1). S. cerevisiae and its close relatives
contain classic tandem Gal4p-binding sites and lack
binding motifs that are similar to Cph1p-binding motifs,
whereas C. albicans and its close relatives contain bind-
ing sites that are similar to Cph1p-binding sites and lack
any motifs that are similar to Gal4p-binding motifs intheir GAL promoters. Interestingly, the intermediate
species S. castellii and K. lactis contain both Gal4p-
like and Cph1p-like motifs. S. pombe, which lies outside
of the Hemiascomycetes lineage, lacks a strong Gal4p
homolog and lacks Gal4p-binding motifs. However, it
contains Cph1p-like motifs upstream of its GAL genes,
and such a finding suggests a Gal4p role in galactolysis
may be specific to S. cerevisiae and its relatives. The
loss of these open reading frames of unknown function
occurs in the Saccharomyces lineages concurrent with
the appearance of Gal4 UASGs and the disappearance
of Cph1 UASGs in the GAL regulatory regions.
Recent studies show that the evolution of the regula-
tory circuits that control cell-type regulation coincides
with a whole-genome-duplication event in yeast [28].
We observed that evolution of metabolic GAL regulation
appears to have a somewhat different pattern; the
Saccharomyces-lineage control circuits are separate
from other fungi, with K. lactis and S. castellii perhaps
representing intermediates having both regulatory
motifs (Figure 1A).
Saccharomyces species primarily degrade hexoses
to pyruvate and ethanol by fermentation, even in the
presence of oxygen, whereasC. albicans degrades hex-
oses by respiration [29]. The emergence of this capacity
is linked to the apparent whole-genome-duplication
event [30]. This phenomenon relies on a ‘‘glucose-
repression’’ circuit that represses the respiratory part
in the presence of glucose [31]. The transcriptional
repressor Mig1p controls the glucose repression in
S. cerevisiae. The analysis ofGAL promoters inAscomy-
cota shows that Mig1 recruitment to the GAL region
precedes the whole-genome-duplication event in
Saccharomyces, and it is present in K. lactis [32] (Fig-
ures 1A and 4). Finally, GAL3 is thought to have arisen
fromGAL1 as a result of theS. cerevisiaewhole-genome
duplication [33]. These observations suggest that the
rewiring of transcriptional control could occur through
an intermediate, in which both old and new regulators
control gene expression (Figure 4).
Because Gal4p is present only in fungi, it would be
interesting to know what regulates GAL genes in
humans, where the absence of those enzymes results
in galactosemia [34]. It is interesting to note that the
core of the MAPK-controlled AP1-binding site,
tgACGTca [35], shares similarity to the GAL palindrome,
tgtaACGTtaca, and human GAL genes contain potential
AP1-binding sites.
Experimental Procedures
C. albicans Strains and Plasmid Constructions
The C. albicans strains used in this study are listed in Table S5.
BWP17 [36] was used for generating GAL4/gal4, gal4, and its wild-
type prototrophic equivalent BWP17-HA. CAI4 [37] strain was
used for mapping pGAL10 regulatory motifs and for studying the in-
fluence of hexoses on GDH3 promoter. JKC19 strain (cph1) [26] was
used for identification of the transcriptional regulator of the GAL10
promoter. Strains gal4 and its wild-type equivalent, CMM1, were
used to show that CaGal4p regulates the expression from the TLO
and LAT1 promoters through the Gal4p-DNA-binding site. JKC19
(cph1) was used to show that Cph1p regulates expression from
the GAL10 promoter through a GAL-specific palindrome.
Plasmids and oligonucleotides are shown in Tables S6 and S7. We
created the GAL4 deletion cassettes, pHIS1-GAL4 and pARG4-
GAL4, by cloning the 500 bp GAL4 flanking regions into pFA-HIS1
Current Biology
1012and pFA-ARG4 [38]. The TLO, LAT1, and GAL10 promoters as well
as their shorter versions were cloned into the plac-poly backbone
[24], and the GAL palindromic sequence was cloned into pCRlacZ
[39]. All of the constructs created in this study were integrated into
the genome of C. albicans with digestion with StuI to target them
to the RPS1 locus [40].
Microarray Analysis
Transcription profiling and analysis were performed with long oligo-
nucleotide microarrays as described [41]. Total RNA was extracted
by the hot-phenol extraction method [42]. GeneSpring software
(Agilent Technologies) was used for normalization and for the iden-
tification of significantly regulated transcripts. We used a t test p
value cutoff of 0.05 to be statistically significant. For analysis of
the transcriptional response under each experimental condition, at
least seven individual biological replicates were used.
C. albicans strain gal4 and its wild-type equivalent (CMM3 and
CMM1) were inoculated overnight in media containing 1% yeast
extract, 2% peptone, with either 2% dextrose (YPD) or 2% galactose
(YPGal) supplemented with uridine (25 mg/ml) for the growth of C.
albicans Ura auxotrophic strains. These overnight cultures were
diluted to an OD600 of 0.1 in their respective media and grown to
an OD600 of 1.0 (approximately three generations). The wild-type
strain SC5314 [37] was either grown in YPD or in YPGal media.
The overnight cultures were inoculated from a fresh colony and
were grown in either YPD or in YPGal at 30C. These overnight cul-
tures were diluted to OD600 of 0.1 in their respective media: overnight
YPD and YPGal-grown cells were diluted into a fresh YPD and YPGal
media and grown to an OD600 of 1.0.
b-galactosidase and Growth Assays
b-galactosidase assays were performed as described in [43]. All of
the assays were performed on standard synthetic yeast media (syn-
thetic complete: 0.67% YNB, 0.2% amino acid mix) that contained
2% dextrose, 2% galactose, or 2% raffinose as carbon source.
Figure 4. Model for the Evolutionary Change in GAL Gene Regula-
tion
A possible scheme through which the Cph1-like regulator of theGAL
genes in an ancestor of C. albicans and S. cerevisiae could have
been replaced, in S. cerevisiae, by the Gal4 factor. First, Gal4p and
Mig1p were recruited to coregulate GAL genes along with Cph1p
prior to whole-genome duplication. Eventually, Cph1p was lost,
and GAL expression became Gal4p and Mig1p dependent.The levels of sugars used in this study (2%) do not represent phys-
iological levels found in the normal environment of the pathogen.
The growth of the gal4 strain was assayed as described [44].
Blast Searches
The search for the members of C. albicans GAL regulon was per-
formed with the standard blastp setting at CGD (http://www.
candidagenome.org/cgi-bin/nph-blast), at NRC-BRI (http://
candida.bri.nrc.ca/candida/index.cfm?page=blast), and at SGD
(http://seq.yeastgenome.org/cgi-bin/blast-fungal.pl).
Supplemental Data
Two figures and seven tables are available at http://www.
current-biology.com/cgi/content/full/17/12/1007/DC1/.
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